We report on the structural and electronic properties of graphene grown on SiC by high-temperature sublimation. We have studied thickness uniformity of graphene grown on 4H-SiC(0001), 6H-SiC(0001), and 3C-SiC(111) substrates and investigated in detail graphene surface morphology and electronic properties. Differences in the thickness uniformity of the graphene layers on different SiC polytypes is related mainly to the minimization of the terrace surface energy during the step bunching process. It is also shown that a lower substrate surface roughness results in more uniform step bunching and consequently better quality of the grown graphene. We have compared the three SiC polytypes with a clear conclusion in favor of 3C-SiC. Localized lateral variations in the Fermi energy of graphene are mapped by scanning Kelvin probe microscopy. It is found that the overall single-layer graphene coverage depends strongly on the surface terrace width, where a more homogeneous coverage is favored by wider terraces. It is observed that the step distance is a dominating, factor in determining the unintentional doping of graphene from the SiC substrate. Microfocal spectroscopic ellipsometry mapping of the electronic properties and thickness of epitaxial graphene on 3C-SiC (111) is also reported. Growth of one monolayer graphene is demonstrated on both Si-and C-polarity of the 3C-SiC substrates and it is shown that large area homogeneous single monolayer graphene can be achieved on the Si-face substrates. Correlations between the number of graphene monolayers on one hand and the main transition associated with an exciton enhanced van Hove singularity at ∼4.5 eV and the free-charge carrier scattering time, on the other are established. It is shown that the interface structure on the Si-and C-polarity of the 3C-SiC(111) differs and has a determining role for the thickness and electronic properties homogeneity of the epitaxial graphene.
Introduction
Graphene is a new carbon based material with unprecedented characteristics. It is a two dimensional crystal of honeycomb structure, which can exist in a free standing state; it has extremely high electron mobility, electric and thermal conductivity, optical transparency, and mechanical toughness [1] . Graphene is a semi-metal with linear energy dispersion, commonly noted as "Dirac cone" [1] . This makes the material to behave differently from conventional semiconductors and therefore opens new avenues for revolutionary applications. When exfoliated (i.e. in free-standing state), graphene has a record room temperature mobility of 200 000 cm 2 /Vs [1] .
Graphene can be produced by different means-exfoliation of graphite, chemical synthesis, chemical vapor deposition, thermal decomposition of SiC, i.e. sublimation epitaxy. The main advantage of graphene grown on SiC substrates is that no transfer is needed for device processing. Also the size of the graphene sheet can be as large as the substrate which is another benefit for device processing. We have demonstrated that large monolayer graphene can be obtained on the hexagonal polytypes of SiC [2] . This material displays the quantum Hall effect and can be used for resistance standard in metrology [3] .
Structural and electronic properties of graphene grown on SiC are strongly affected by the substrate and depend on the substrate polytype and polarity. Growth of epitaxial graphene was reported on both (0001) or Si-face and (000-1) or C-face polar surfaces of hexagonal 4H and 6H-SiC [2] [3] [4] [5] [6] [7] , and very recently on cubic 3C-SiC substrates [8] [9] [10] . Substantial differences have been noted for (0001) and (000-1) hexagonal surfaces. Epitaxial graphene layers typically consist of one to several monolayers of graphene. For Si-face hexagonal SiC, control of growth of one graphene monolayer can be achieved [2, 5] . A buffer or interface layer typically forms at the interface between the Si-face hexagonal and cubic SiC and the epitaxial graphene layer. This buffer layer is strongly bound to the substrate and is devoid of graphene electronic structure [2, 10] . The graphene nature of the film is recovered by the second carbon layer, which may be electrically decoupled . Growth of homogeneous two or few monolayers graphene on the Si-face is more challenging. For C-face hexagonal SiC, the thickness control is poor and varies across the sample significantly [4] . Typically, a large number of graphene monolayers are stacked on the C-face of hexagonal SiC polytypes [4, 11] . In this case there is no unique buffer layer reconstruction and the interaction of graphene with the substrate is weaker [12] .
Epitaxial graphene is also discussed to be highly conducting in the very close vicinity of the interface with SiC, possibly as a result of charge transfer from SiC [13, 14] . The subsequent layers are practically neutral. Such charge transfer should depend on the polytype, polarity and interface roughness, which may offer opportunities for controlling the interface charge. Indeed, our recent ellipsometry results showed substantial differences for the dielectric function of graphene grown on the Si and C-face of 4H-SiC, and on the Si-face of 3C-SiC substrates indicating different polarizabilities and a different interaction with the substrates depending on substrate polytype and polarity [15] .
The free-charge carrier mobilities in epitaxial graphene are orders of magnitude lower than those found in freestanding exfoliated graphene. The true nature of the processes that impair the epitaxial graphene properties is currently intensively investigated and controversially discussed. A major concern in sublimation epitaxy is the impact of the SiC substrate topology on the uniformity of the electronic properties of epitaxial graphene. In particular, the step bunching that occurs on the SiC surface critically affects the thickness uniformity of epitaxial graphene and the free-charge carrier mobility. Substrate defects present additional nucleation sites and lead to differences in growth modes, which may cause thickness and conductivity non-uniformities in graphene. Therefore, substrate surface preparation and growth conditions may be used to control step bunching and thus optimize the thickness uniformity and transport properties. In this work we investigate the impact of the polytype and polarity of the SiC substrate on the quality of the graphene on top.
Experimental
The growth was performed in an inductively heated furnace at a temperature of 2000 °C and an ambient argon pressure of 1 atm. Further details on the growth can be found in Ref. [5] . We have studied graphene grown on 4H-SiC(0001), 6H-SiC(0001), and 3C-SiC(111) substrates. For graphene morphology characterization and the surface potential distribution we used atomic force microscopy (AFM) and scanning Kelvin probe microscopy (SKPM), respectively. Spectroscopic ellipsometry (SE) measurements were performed for photon energies from 3.5 to 9.5 eV, with spectral increments of 0.05 eV, at variable angles of incidence on a J.A. Woollam VUV-302 VASE ellipsometer in a nitrogen-purged environment. Large-area microfocal-SE (μ-SE) mapping of thickness and electronic properties of epitaxial garpehene was performed with an M2000 rotating compensator ellipsometer from J. A. Woollam Co in a spectral range from 1.25 eV up to 5.45 eV. The measurements were realized on a circular area of the sample with a diameter of 0.5 cm and with a micro-spot of 25x50 m 2 . Complementary low-energy electron microscopy (LEEM) and micro-low-energy electron diffraction (μ-LEED) measurements probe morphology, thickness and the surface structure of the EG in selected sample locations. The experiments were performed at the SPE-LEEM instrument on beam line I311 at the MAX synchrotron radiation laboratory (Lund in Sweden). Figure 1 depicts experimental and best-match model calculated  and  spectra from epitaxial graphene samples grown on Si-face 4H-SiC(0001), 6H-SiC(0001) and 3C-SiC(111). A stratified layer optical model composed of a substrate, an interface layer between the substrate and the graphene, and a graphene layer is used here to analyze the ellipsometric data. All layers are treated isotropically in our model since ellipsometry has no sensitivity to the out-of-plane polarizability of ultra-thin layers. Experimental  and  spectra, obtained from bare 4H-, 6H-and and 3C SiC substrates, were measured and analyzed employing a sum of broadened harmonic oscillator lineshapes. The obtained model dielectric function (MDF) spectra are equivalent to those reported previously for the respective polytypes [16] [17] [18] , but are omitted here for brevity. The best-match substrate MDF parameters were then used in the analysis of the epitaxial graphene samples but were not further varied. The graphene MDF is composed of Lorentzian and Gaussian oscillators to account for the critical point (CP) in the DF associated with a van-Hove singularity at ~ 4.5 eV in the density of states [15] . In our optical model, the interface layer accounts for the buffer layer, and also the roughness of the substrate surface, an effect of the slight off-axis cut of the SiC substrate, and non-uniform sublimation of silicon from the SiC substrate. A linear effective medium approximation (EMA) comprised of 50% substrate and 50% graphene was used to create a suitable MDF for the combined effect of the buffer layer and surface roughness in a single interface layer. The only varied parameter during the data analysis that was unique to the interface layer was its thickness (t I ). During data analysis, the thicknesses of the epitaxial graphene layer (t G ), and the interface layer (t I ), and the graphene MDF parameters are varied until best-match between experimental and model calculated  and  spectra is achieved. The experimental and best-match calculated  and  spectra are shown in Figure 1 evidencing excellent agreement between experiment and MDF calculation. The best-match model parameters for each surface are presented in Table I . The thickness of the graphene layers grown on the two hexagonal polytypes is very similar (Table 1) and it is slightly higher than 0.35 nm reported for the thickness of one monolayer (1 ML) graphene [19] . The latter indicates that formation of 2 ML in some regions of the probed area is also possible. The slightly lower t G for the graphene layer grown on the 3C-SiC, compared to 0.35 nm, is an artifact related to the relatively high interface roughness of the substrate (Table 1) . Although our results indicate that the graphene layers grown on the different polytypes have thickness close to one monolayer, their DFs and the parameters of the CP ~ 4.5 eV differ substantially ( Figure 1 and Table 1 ). The CP peak energy position shifts from 4.55 eV for graphene on 4H-SiC to 4.40 eV for graphene on 6H-SiC and 4.37 for graphene on 3C-SiC. In principle, the CP energy may depend on strain, doping and number of layers. For free-standing SLG on quartz the optical absorption is observed at ∼ 4.6 eV while for graphite the absorption is red-shifted to 4.28 eV [20] . It should be noted that t G determined from the SE analysis represents an averaged value across the probed area with a diameter of 4 mm. The observed variations in the CP peak energy position ( Figure 1 and Table 1 ) and DF shape (not shown here) for the graphene layers grown on different polytypes indicate that different thickness, strain and doping variations possibly occur in the respective graphene layers. Indeed our recent study showed that the areas of 1 ML graphene coverage in layers grown at identical conditions on different substrate polytypes are different [9] . The 1ML coverage extracted from LEEM images with a field of view of 50 m are found to be about 60%, 90%, and 98% for 4H, 6H, and 3C polytypes, respectively [9] . These results are consistent with our SE observations and indicate that graphene thickness nonuniformity strongly depends on the substrate polytype.
Results
During heating of a SiC substrate above 1200 C, its surface undergoes microscopic restructuring by forming steps. This process, called step bunching, is different from surface reconstruction and refers to surface morphology. Our SE results show that the interface layer associated with the step height has different thickness for the three polytypes (Table 1) indicating that the substrate restructuring at the growth temperature proceeds in a different manner. The latter also results in a different surface roughness (see t I in Table 1 ), which together with the step height distribution is expected to affect graphene formation, strain and possibly doping. To study the surface restructuring during SiC substrate sublimation at 2000 C we examined a large number of substrate steps (more than 300) for each sample using AFM.
Figures 2(a-c) and (d-f) depicts exemplary AFM images from the different substrate polytypes and the respective histograms of the step height probability for the graphenized surfaces of 4H-, 6H-, and 3C-SiC substrates. Starting from a typical step height around 0.25 nm before heating, the steps grouped in four major heights related to the polytype. It should be noted that the rather low step height distribution observed here is very advantageous since it has been reported that the resistance of epitaxial graphene on SiC increases linearly with step height on the substrate [21] . Our results show that the two bilayer-height steps are the most probable and four bilayer-height steps show a significant probability for the 4H-SiC polytype [ Fig. 2(d) ]. On the other hand, two and three bilayer-height steps dominate for the 6H-SiC sample [ Figure 2 (e)]. Finally, on the 3C-SiC graphene sample one Si-C bilayer height is the most probable (48%) [ Figure 2 (f)]. We have shown recently that this specific step height distribution can be related to the different energetics of the existing terraces in the different polytypes [9] . The 4H-SiC polytype has two kinds of terraces while 6H has three kinds of terraces with different decomposition energies [22] . On the contrary 3C-SiC has only one type of steps [22] . As a result the decomposition rate of all 3C-SiC terraces is the same in a defect free crystal, thus providing a uniform source of C on the surface [ Fig. 3(b) ] which explains the superior uniformity of the grown graphene layer as observed by LEEM [9] . In contrast, less uniform thermal decomposition may be expected on the hexagonal polytypes as a result of the different terrace energetics. Consequently, less uniform coverage of 1ML is observed in the case of 4H-and 6H-SiC [9] . It should be noted that graphene thickness uniformity on 6H-SiC (90% 1ML coverage) appears to be significantly better compared to 4H-SiC (60% 1ML coverage) [9] . As seen from Fig. 2 (e) three bilayer step heights form with a high probability. The half unit-cell stacking in the 6H-SiC polytype is 3-bilayers compared to 2-bilayers in the 4H-SiC polytype. Since 3-bilayers needs to be decomposed to produce a single graphene layer, it seems that 6H-SiC would be more favorable to a layer-by-layer growth mode and have more uniform coverage and continuity of the graphene layer compared to 4H. Further confirmation for the important role of the substrate restructuring on the thickness uniformity of graphene comes from SKPM studies (Figure 3) . We have shown that the terrace width not only affects the thickness uniformity but also doping [23] . There is an optimal terrace with which yields full coverage by only 1ML graphene and the Fermi level in that graphene indicates a lower doping compared to graphene formed on not optimal terraces [23] . The results in this study indicate that all substrates undergo significant restructuring during the sublimation growth and that the graphene uniformity decreases while the electron doping from the substrate increases with increasing amounts of restructuring (most importantly changes in terrace width).
Obviously, the thermal decomposition rate of SiC will be strongly affected by the presence of defects. For instance, we have recently suggested that the stacking faults formed at the 3C-SiC(111) lead to nonuniform thermal decomposition of SiC and cause step bunching, which can further influence graphene formation [9] . To further explore the effect of substrate defects on the thickness uniformity and electronic properties of graphene on a large-scale we performed -SE mapping on samples grown on Si-and C-polar 3C-SiC(111). The same MDF model as the described above for the vacuum ultraviolet SE data is used. In this case, however, the thickness of the interface layer, t I was fixed to 0.35 nm (the thickness of 1ML), and the EMA% of SiC, which can be used as an indication of the interface roughness, was varied. Figure 3 . SKPM mapping shows a strong correlation between the graphene thickness uniformity and the surface step morphology.
Figures 4(a) and 4(d)
show best-match model calculated maps of graphene layer thickness obtained from μ-SE data from two EG samples grown on Si-face and C-face 3C-SiC(111). The thickness map in Figure 4 (a) reveals large homogeneous areas ∼2x2mm 2 with 1 ML on the Si-face. In addition, few islands of multilayer graphene (MLG) of several hundred micrometer size occur where the carbon bunched up on the surface of the substrate. The SE analysis further renders that uniform and large interface-layer SiC percentage within the same regions where SLG was found on Si-face, which is indicative for a very smooth substrate surface. However, beneath the thick islands the interface layer was found to consist of approximately ∼ 50% SiC indicative for significant surface roughness. In principle, this can be related to defects in the substrate surface. Indeed, we have identified surface depressions at the Si-face of the 3C-SiC substrate associated with twin boundaries [24] . It is well known hat defects in the SiC substrate serve as preferential centers for enhanced Si sublimation. Thus, a higher growth rate of graphene could be expected around these defects, which may explain the formation of such graphite-like islands. The areas with homogeneous graphene layer thickness in Figure 4 (d) for C-face 3C-SiC(111) are much smaller, where the thickness varies mostly between 1 to 3 monolayer graphene, and the formation of large MLG islands is not detected. It has been shown that the growth of 1 ML on the C-face of the hexagonal SiC polytypes is very challenging due to the much higher sublimation rate of Si and usually growth of MLG is reported for these surfaces [4] . Although SLG growth on C-face of 3C-SiC(111) is achieved here, the domain size depicted in Figure 4 (d) remains rather small. The SE analysis gives an interface-layer SiC percentage indicative for high substrate surface roughness and small uncorrelated islands of large graphene content. These results for 3C-SiC(111) indicate that the interface structure of epitaxial graphene on C-face differs distinctively from Si-face.
Figures 4(b) and 4(e) show exemplary LEEM images for regions of the Si-face and C-face samples, respectively. The large areas with a bright contrast in Figure 4 (b) can be associated with SLG, and a few small regions occur with a darker contrast and which can be related to two monolayers graphene. The LEEM image confirms the highly homogeneous areal growth of 1 ML on the Si-face of 3C-SiC (111) in excellent agreement with the μ-SE result [ Figure 4 (a) ]. The LEEM image in Figure 4 (e) shows domains of one to four monolayer graphene with dimensions below the resolution for the μ-SE mapping. The much smaller domains of homogeneous graphene layers observed by LEEM [ Figure 4 (e)] in this case may be related to the high substrate surface roughness found for C-face from the SE analysis.
Figures 4(c) and 4(f) show LEED pattern taken from 1 ML regions of the Si-and C-face samples, respectively. In Si-face graphene the LEED pattern reveals 1×1 diffraction spots associated with SLG surrounded by the 6√3×6√3-R30 diffraction spots associated with the SiC surface. These results suggest that a buffer layer similar to the one found on Si-face 4H-SiC and 6H-SiC is formed on the smooth surface areas of the Si-face 3C-SiC(111). In contrast, in graphene grown on the C-face of 3C-SiC diffraction spots due to graphene occur only, and no superstructure related to a specific SiC surface reconstruction is detected. This indicates a very different interface structure compared to the Si-face EG in agreement with the SE findings. Our recent studies show that the predominant type of defects on the C-face of 3C-SiC(111) is different from the twin boundaries found in Siface 3C-SiC(111). On the C-face of 3C-SiC(111) small inclusions occur, each associated with 6H-SiC formed around a screw dislocation [25] . Our SE analysis further reveals significant correlation between the graphene layer thickness and the free-chargecarrier scattering time and CP peak energy position. While areas of predominantly 1 ML reflect long scattering times, shorter scattering times correspond to the thick graphite-like islands. The reduction of scattering time indicates lower mobility across these areas and may be due to scattering across grain boundaries and/or scattering between the different graphene sheets. Fig. 5 displays representative data points for the CP transition energy parameter and the graphene layer thickness obtained from the μ-SE data analysis for Si-and C-face 3C-SiC(111) samples. While data uncertainty exists, the overall CP energy position is clearly and consistently blueshifted with decreasing graphene thickness, a trend which was indicated by our recent SE study of EG on 3C-SiC and 4H-SiC using macroscopic spot size [15] . The observed trend in Fig. 5 may be foremost related to the effect of number of graphene layers. In Fig. 5 the average CP energy for 1 ML on C-face is in very good agreement with the reported absorption energy of free-standing graphene (∼ 4.6 eV), and which is presumably strain-free (or subjected to negligible strain) [20] . Thus, it is plausible to suggest that the interaction between graphene and the C-face 3C-Si(111) substrate is reduced and the epitaxial graphene does not experience significant strain. This is consistent with the LEED observation in Figure 4 (f) where no buffer layer is detected on the C-face substrate. The CP energy for C-face 1 ML is systematically higher compared to the respective values for 1 ML on Si-face. This may be indicative of a more pronounced strain effect as a result of a stronger interaction of epitaxial graphene with the Si-face substrate. Indeed, we identified a buffer layer on the Si-face of the 3C-SiC(111) in Figure 4 (c), which in the case of Si-face 6H-SiC and 4H-SiC was shown to be strongly bonded to the substrate and be responsible for the strong interaction with epitaxial graphene. 
Conclusions
We report on the structural and electronic properties of graphene grown on 4H-SiC(0001), 6H-SiC(0001), and 3C-SiC(111) substrates by high-temperature sublimation. Spectroscopic ellipsometry results indicate significant differences in the thickness uniformity and electronic properties of one monolayer graphene grown on the different substrate polytypes. Detailed morphological studies further demonstrate the impact of the different substrate polytype on the thickness uniformity in clear favor of the 3C-SiC polytype. It is concluded that the minimization of the terrace surface energy during the step bunching process governs thickness uniformity. It is shown that a lower substrate surface roughness results in more uniform step bunching and consequently better quality of the grown graphene. Our results indicate that there exists a range of optimal terrace width which should be kept in order to maintain formation of one monolayer graphene and to avoid increasing of carrier concentration.
The development of micro ellipsometry mapping has allowed probing the thickness and electronic properties uniformity on a cm scale. It is shown that 3C-SiC is a promising substrate for growth of high quality graphene and growth of one monolayer graphene is demonstrated on both Si-and C-polarity of the 3C-SiC substrates. Correlations between the number of graphene monolayers on one hand and the main transition associated with an exciton enhanced van Hove singularity at ∼4.5 eV and the free-charge carrier scattering time, on the other are established. It is shown that the interface structure on the Si-and C-polarity of the 3C-SiC(111) differs and has a determining role for the thickness and electronic properties homogeneity of the epitaxial graphene.
